Abstract: Polypropylene (PP)/thermoplastic polyester elastomer (TPEE) blends were prepared. To enhance the compatibility between the two phases, maleic anhydride-grafted polypropylene (MA-g-PP) was applied during melt-mixing. The morphology obtained from scanning electron microscopy (SEM) showed that TPEE was not miscible with PP, however, those of the PP/TPEE/MA-g-PP indicated that PP and TPEE turned to miscible because MA-g-PP served as an effective compatibilizer. The tensile tests confirmed that the tensile strength of the PP/TPEE blends decreased and the elongation increased with increasing TPEE content. The increase in tensile strength of the PP/TPEE/MA-g-PP blends was associated with the morphology shown by SEM and internal structure. X-ray diffraction (XRD) confirmed that compared to the PP/TPEE blend, the intensity of the 20.9 o peak of the PP/TPEE/MA-g-PP increased and that of the 21.6 o peak decreased gradually due to the MA-g-PP. In differential scanning calorimetry (DSC), the crystallinity (X c ) of the PP/TPEE blends decreased with increasing TPEE content. The PP/TPEE/MA-g-PP blends showed a single weak glass transition (T g ) peak due to the compatibility between the PP and TPEE. The thermal stability of the PP/TPEE blends with MAg-PP was also higher than that of the PP/TPEE.
Introduction
Thermoplastic elastomers (TPE) are new materials having both elastic and plastic properties. Among the TPEs, a thermoplastic polyester elastomer (TPEE), which consists of poly(butylene terephthalate) (PBT) as a hard segment and poly(tetramethylene ether glycol terephthalate) as a soft segment ( Figure 1 ), has superior mechanical, thermal properties, and elasticity.
1,2 It has attracted a great deal of interest due to its low specific gravity and exceptional recyclability, which has been considered as the eco-friendly material that replaces vulcanized rubber and poly(vinyl chloride) (PVC). Therefore, in both academic and commercial fields, many researches on the modification of TPEE have progressed in order to attain its more suitable properties for various applications such as electronic instruments, automotive parts, clothes, and outdoor instruments, etc. Block and graft copolymerization are ideal methods for † To whom correspondence should be addressed. E-mail: seshim@inha.ac.kr ©2017 The Polymer Society of Korea. All rights reserved.
Polymer(Korea), Vol. 41, No. 3, 2017 manufacturing polymers with tailor-made properties. Nevertheless, the use of copolymerization is restricted because of its relatively high processing cost in industry. 3 As an alternative, blending of different two or more polymers has been a convenient and effective method for producing new polymeric materials from existing ones. [4] [5] [6] [7] During the blending process, one polymer is dispersed mechanically inside the other polymer. The size and shape of the dispersed phase are influenced by the blending conditions, such as rheology, interfacial tension, and the composition of the blend. 8 The morphology of the interfaces between the dispersed and continuous phases has a critical influence on the mechanical properties of the multiphase blends. [8] [9] [10] [11] [12] Unfortunately, most polymers are not thermodynamically miscible with each other in blending situations. 13 Blending immiscible polymers does not normally result in a single-phase but in multi-phase blends. This leads to an unstable morphology, which will generate a blend with weak mechanical properties. In the past, many studies have attempted to control the morphology of immiscible polymer blends by introducing additives. As the additives used for this purpose, compatibilizers have been polymeric materials, such as graft or block copolymers, with functional groups that can interact with the constituents of a blend. Compatibilizers normally reduce the interfacial tension, increase the interface adhesion, and prevent the coalescence of a component in a blend. Therefore, they can contribute to provide immiscible polymer blends with compatibility and stabilize the morphology of a blend. 2,12-16 Tedesco et al. 17 analyzed the effects of maleic anhydride-grafted polypropylene (MA-g-PP) and glycidyl methacrylate-grafted polypropylene (GMA-g-PP) as compatibilizers on the morphology, mechanical and thermal properties of polypropylene(PP)/nylon 6 blends. MA-g-PP was found to be a more effective compatibilizer than GMA-g-PP in the PP/nylon6 system. Yoon et al. 18 compared the properties of poly(ethylene terephthalate) (PET)/PP blends with those of PET/MA-g-PP blends. It was reported that the reaction of ester groups of PET and maleic anhydride (MA) groups on MA-g-PP occurred in the PET/MA-g-PP blends. Polypropylene (PP) is a widely used common thermoplastic because of its low cost, easy processability, and high rigidity. 19, 20 In this study, PP was chosen as the counterpart to blending with TPEE in order to modify properties of TPEE. MA-g-PP was selected as a compatibilizer to present the components of the PP/TPEE blend with compatibility. MA is known to react with the carboxylic and/or hydroxyl end groups of the chain of the ester groups. [21] [22] [23] In the study, PP/TPEE blends with various ratios were prepared by melt-mixing in an internal mixer and the effect of the compatibilizers was investigated. Their morphology, thermal transition behavior, mechanical properties, and thermal stability were examined as a function of the TPEE and MA-g-PP contents. Characterization. The morphology of the pure PP and TPEE, PP/TPEE, and PP/TPEE/MA-g-PP blends was characterized using a field emission-scanning electron microscopy (FE-SEM, S-4300, Hitachi). For the FE-SEM observations, all the samples were immersed in liquid nitrogen and fractured, and their fractured cross-sections were investigated. The samples were sputter coated with Pt prior to analysis. The tensile tests were carried out using a universal testing machine (UTM 5569, Instron). The dumbbell-shaped specimens were prepared according to ASTM D-638 and characterized at a rate of 5 mm/min with a load cell of 50 kN. Notched Izod impact tests were conducted using an impact test instrument (Fractovis, Ceast) according to ASTM D-256. The specimens for the impact tests were rectangular bars, measuring 12.7 mm in width, 7.5 mm in thickness, and 63.6 mm in length. To characterize the thermal transition behavior of the PP, TPEE, PP/ TPEE, and PP/TPEE blends including different MA-g-PP contents, a differential scanning calorimetry (DSC, Diamond TG/ DTA Lab system, Perkin Elmer) was performed under a nitrogen atmosphere over the temperature range of -50~250 
Results and Discussion
Morphology. Figure 2 represents SEM microphotographs of the cross-section of the cryo-fractured PP, TPEE, and PP/ TPEE blends. The neat PP showed an unevenly fractured surface due to its brittleness when broken quickly in the liquid nitrogen (Figure 2(a) ), while the pure TPEE exhibited a relatively flat and smooth fractured surface owing to its ductile property (Figure 2(f) ). In the case of the PP/TPEE blends, a separated-phase, namely sea-island morphology, was observed without miscibility between PP and TPEE (Figure 2(b) -(e)). In this morphology, PP and TPEE were considered to be the matrix and domain, respectively, considering the densities MFI values, and weight ratio of PP and TPEE. In addition, the mean size of the domain increased with increasing TPEE and decreasing PP content. Figure 3 shows SEM images of a cross-section of the cryofractured PP/TPEE blends containing MA-g-PP. Spherical shapes of the TPEE domain in the SEM images were still faintly observed owing to the lack of compatibility between the PP and TPEE, which resulted from 1 wt% of MA-g-PP (Figure 3(a) ). With increment in MA-g-PP content, the spherical shape of the domain could not be discerned well and the fractured surface became flatter and smoother because of compatibility between PP and TPEE by MA-g-PP (Figure 3 (b) and 3(c)). Champagne et al. 24 explained that the stable morphology made by the introduction of a compatibilizer was due to a decrease in interfacial tension obtained by the copolymer molecules generated in-situ on the blend interfaces and the copolymer layer was believed to prevent coalescence. On the other hand, at 8 wt% MA-g-PP, the domains were observed and the surface was not flat (Figure 3(d) ). George et al. 11 reported that although the average domain size in the matrix of the blends was decreased by MA-g-PP, the further addition of MA-g-PP increased the average domain size in the matrix. They suggested that the increase in domain size above a certain amount of compatibilizer originates from the formation of micelles of compatibilizer in the continuous PP matrix. Several papers reported the critical micelle concentration (CMC) of the compatibilizer, which implies a critical amount of the compatibilizer required to saturate a unit volume of the interface, in addition, suggested that interfacial saturation of the binary polymer blends by the addition of compatibilizer had occurred over CMC.
25,26
Mechanical Properties. Figure 4 presents the tensile tests of the PP, TPEE, and PP/TPEE blends at different TPEE contents and Figure 5 shows the tensile tests of the PP/TPEE (80/ 20 wt%) blends containing different MA-g-PP contents. In Figure 4 (a), it was evaluated that the neat PP is the most brittle material of all the samples. Figure 4 (b) shows that it has the highest tensile strength and the lowest elongation. In the stressstrain curves, the pure TPEE was not broken owing to its high elasticity and the addition of TPEE significantly changes the mechanical properties of the PP/TPEE blends. The curves indicate that with increasing TPEE content, the tensile strength and Young's modulus of the PP/TPEE blends decreased and the elongation of those increased. Martuscelli et al. 27 reported that the spherulite growth of PP in the blends with rubber was inhibited by the existence of a rubber phase. George et al.
11
reported that the decrease in tensile strength and Young's modulus at the PP/nitrile rubber (NBR) blends with increasing NBR contents was due to the presence of a soft rubber phase and a decrease in crystallinity of the PP phase. In our DSC measurement, it was observed that the crystallinity (X c ) of the PP/TPEE blends is truly decreased at the PP/TPEE blends with increasing TPEE content (Table 1) . Therefore, the decrease in tensile strength, Young's modulus and increase in elongation of PP/TPEE blends with the addition of TPEE are due to the presence of a soft TPEE phase and a decrease in crystallinity of the PP/TPEE blends. 
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In Figure 5 (a), the stress-strain curves of PP/TPEE (80/ 20 wt%) blends with different MA-g-PP contents are presented. With increasing MA-g-PP concentration as a compatibilizer in the PP/TPEE blend, the tensile strength increased up to a MA-g-PP concentration of 5 wt%, but decreased at 8 wt% of MA-g-PP. The tendency of the tensile strength was explained by the morphology revealed by SEM. With increase in MA-g-PP content, the morphology of PP/TPEE/MA-g-PP became more stable than that of the PP/TPEE blend ( Figure  2 (c) and Figure 3(a)-(c) ). In the case of the PP/TPEE blend with 8 wt% of MA-g-PP, the morphology was slightly less stable than that of the PP/TPEE blend with 5 wt% of MA-g-PP (Figure 3(d) ). Therefore, it is presumed that tensile strength is fairly reliant on the stability of the morphology. The impact strength of the PP, TPEE, PP/TPEE blends, and PP/TPEE (80/20 wt%) blends at different MA-g-PP contents is shown in Figure 6 . In Figure 6 (a), it is observed that the impact strength of the PP/TPEE blends increases significantly up to 20 wt% of TPEE, and decreases gradually at higher concentrations. It is assumed that the impact strength of PP/TPEE blends depends partially on the extent of the crystallinity of PP phase. Figure 6(b) compares the impact strength of the PP/ TPEE (80/20 wt%) blends containing MA-g-PP with the PP/ TPEE blend. The value of PP/TPEE/MA-g-PP blends was much higher than that of the PP/TPEE (80/20 wt%) blend without MA-g-PP. This indicates that the compatibility by MA-g-PP has an effect on the toughness of the PP/TPEE blends. However, at 8 wt% of MA-g-PP, the impact strength of PP/TPEE blend decreased. This was attributed to the unstable morphology caused by the formation of compatibilizer micelles in the continuous PP phase.
XRD Analysis. Figure 7 shows X-ray diffraction (XRD) patterns of the neat PP, TPEE, MA-g-PP, PP/TPEE blend, and blends with different MA-g-PP contents. The PP displayed several sharp diffraction peaks at around 2θ = 13.9, 16.6, 18.3, 20.9, and 21.6 o (Figure 7(A) ). The XRD peaks of the PP cor- 
respond to the α-form crystals, which form rapidly because of its fast crystallization rate during the melt-quenching process.
4
In Figure 7 (B), the TPEE exhibited very weak diffraction peaks at about 2θ = 15.9, 17.0, 20.3, 23.0, and 24.9 o which were assigned to the reflections of the crystalline poly(butylene terephthalate) (PBT) segments in TPEE. 28 The intensity of XRD peaks of the TPEE was too weak to identify the peak of the PP/TPEE blends (Figure 8(a) ). In other words, it was conformed that the sharp XRD peaks of the PP/TPEE (80/20 wt%) blends were attributed to the PP with α-form crystals. The sharp XRD peaks of the MA-g-PP were similar to those of the neat PP. On the other hand, the peaks of the MA-g-PP, at 20. 4 reported that the melt-quenched PP without its glass transition temperature (T g ) and cold-crystallization at the DSC thermograms is related with semi-crystalline state with its rapid crystallization rate. For the PP/TPEE blends, the melting temperature (T m ) and glass transition temperature (T g ) were detected at approximately 163 and 3 o C, respectively. It is indicated that the melting temperature is related to the melt transition of the neat PP and glass transition temperature of the blends are consistent with the glass transition of the neat TPEE constituent in the blends. The crystallinity (X c ) of the PP, TPEE, and PP/TPEE blends was calculated using the following eq. (1) ( Table 1) : (1) where ΔH f is the heat of fusion of the PP and PP/TPEE blends, ΔH f o is 137.9 J/g, as the heat of fusion for the pure PP with 100% crystallinity, 29 and w is the mass fraction of PP in the blend. The crystallinity (X c ) of the PP/TPEE blends decreased with increasing TPEE content. In the thermograms (Figure 8(b) ), the melt-quenched PP/ TPEE/MA-g-PP blends represented a weak glass transition (T g ) peak, which shifted gradually to a lower temperature in accordance with higher amount of MA-g-PP. The melting temperature (T m ) of the PP/TPEE/MA-g-PP blends declined due to the increase in MA-g-PP which exhibits a low melting temperature (T m ). Figure 9 shows the DSC thermograms of the second cooling scan of the melt-quenched PP, TPEE, PP/TPEE blends and PP/ TPEE/MA-g-PP blends. In the thermograms (Figure 9(a) ), the neat PP displayed a definite crystallization temperature (T c ) at 120 o C, whereas the neat TPEE did not indicate the crystallization temperature (T c ). The crystallization temperature (T c ) of the PP/TPEE blends moved toward a lower temperature, which is due to a decrease in the crystallization rate caused by the larger TPEE amount. In the thermograms (Figure 9(b) ), the crystallization temperature (T c ) of the PP/TPEE blends with 1 wt% MA-g-PP shifted to higher temperature compared to the that of the PP/TPEE blend, which is induced by the faster crystallization rate of the PP/TPEE/MA-g-PP blend than that of the PP/TPEE (80/20) blend owing to the introduction of MA-g-PP.
On the other hand, the crystallization temperature (T c ) of the PP/TPEE/MA-g-PP blends diminished with increasing MA-g-PP content, which showed a low crystallization temperature (T c ).
Thermal Stability. Figure 10 shows the TGA thermograms of the PP, TPEE, PP/TPEE blend, and PP/TPEE blends according to the different MA-g-PP contents, which were measured under a nitrogen atmosphere. The thermal stability and temperature for the start of degradation of the pure PP was far higher than of that of the neat TPEE. The thermal degradation stability of the PP/TPEE (80/20 wt%) blend showed a value intermediate between those of TPEE and PP. The thermal stability and degradation rate of the pristine MA-g-PP was similar to that of the PP/TPEE (80/20 wt%) blend. It is reported that the thermal stability of the MA-g-PP is low in comparison to the neat PP because of the presence of MA groups on the PP chains. 30 For precise analysis, Table 2 lists the residual weight percent of all samples at 370, 400, and 430 o C. As expected, the residual weight of the neat PP and TPEE at 370, 400, and o C was the highest and lowest, respectively. In the case of the PP/TPEE/MA-g-PP blends except for 1 wt% MA-g-PP, the residual weight figures were higher than those of the PP/TPEE (80/20) blend. In addition, for the PP/TPEE/MA-g-PP blend, an increase in the MA-g-PP contents tended to enhance the thermal stability and degradation rate of the blends. Consequently, the slightly better thermal stability of the PP/TPEE/ MA-g-PP blends with increasing MA-g-PP was due to the compatibility between the PP and TPEE.
Conclusions
In this study, immiscible PP/TPEE blends and blends with MA-g-PP concentrations ranging from 0 to 8 wt% were prepared through convenient and efficient melt-mixing using an internal mixer. The morphology of a series of PP/TPEE blend suggested that TPEE was dispersed in the continuous PP matrix and was immiscible with each other. In addition, the morphology of the PP/TPEE/MA-g-PP showed that the PP and TPEE were compatible because MA-g-PP served as an effective compatibilizer. The tensile tests showed that with increasing TPEE content, the tensile strength and Young's modulus of the PP/TPEE blends decreased and the elongation of those increased. The tensile strength of the PP/TPEE/MA-g-PP improved up to 5 wt% MA-g-PP, however decreased at 8 wt% of MA-g-PP, which is associated with the morphology, as confirmed by the morphology. The impact tests exhibited that the impact strength of the PP/TPEE blends and the PP/TPEE/MAg-PP was enhanced by TPEE and MA-g-PP, respectively. XRD confirmed that PP displayed strong peaks in the blends owing to the α-form crystals, and for the PP/TPEE/MA-g-PP blends, the intensity of the 20.9 and 21.6 o peaks became stronger and gradually weaker, respectively, due to the effect of the MA-g-PP. DSC showed that the crystallinity (X c ) of the PP/TPEE blends decreased with increasing TEPP content and the PP/ TPEE/MA-g-PP blends presented that a single weak glass transition (T g ) peak changed according to the mixing ratio caused by the compatibility between the PP and TPEE. The thermal stability of the PP/TPEE blends with MA-g-PP was higher than that of the PP/TPEE blend because of the action of the compatibility between PP and TPEE. As a total result of this study, it was sound to confirm that improved morphology, mechanical properties, thermal degradation stability, and changed crystallinity of the PP/TPEE blend were due to the existence of compatibility between PP and TPEE due to a compatibilizer. 
